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ABSTRACT 

The rapid growth of artificial satellites calls for 

sustainable deorbiting strategies to reduce space debris. 

This study combines hybrid demisable joints and 

physical vapor deposition (PVD)-based coatings to 

enhance satellite disintegration during re-entry. The DLR 

Institute of Structures and Design developed additively 

manufactured joints, integrating 3D-printed PEI and CF-

PEEK materials with shape memory alloys (SMA) and 

compression springs, designed for high-altitude breakup 

and validated through tests and simulations. Meanwhile, 

the DLR Institute of Material Research employs PVD-

based catalytic coatings on high-melting-point metals 

like V4A stainless steel to improve heat absorption and 

promote thermal failure. Magnetron sputtered Al, Si, Cr, 

or NiAl coatings, combined with a copper layer, 

encourage rapid oxide formation during re-entry. High-

temperature lab tests and wind tunnel experiments 

validate these coatings' performance under extreme 

conditions. Together, these approaches offer 

complementary solutions for safer, more effective 

satellite demise. 

1 INTRODUCTION 

The exponential increase in the number of manmade 

objects in Earth orbits has to be smartly managed, if we 

do not want to imprison ourselves in our planet in the near 

future. Every month several dozen new satellites are 

launched, which contributes eventually to the total 

amount space debris. Design-for-Demise (D4D) is an 

engineering approach that aims for intentional 

disintegration of satellite components during atmospheric 

re-entry, reducing the risk of surviving debris reaching 

Earth’s surface. Traditional satellite designs prioritize 

durability and longevity, however D4D shifts the focus 

toward controlled fragmentation and enhanced 

disintegration during re-entry. This requires carefully 

selecting materials and structural configurations that fail 

predictably under high heat and aerodynamic forces. Key 

strategies include using lower-melting-point materials, 

engineered joints that trigger early breakup, and 

specialized coatings that promote thermal degradation. 

This paper focuses on demisable joints for early break-

up of satellite primary structures (Section 2) and special 

coatings for increased demisability (Section 3). By 

enabling higher-altitude fragmentation, D4D increases 

the exposure of the inner critical elements such as tanks 

or reaction wheels to high-temperature plasma flows, 

accelerating their demise, whereas special coatings can 

be applied on any kind of structural component for 

overall improved degradation. All the presented efforts 

in this paper are part of German Aerospace Center’s 

(DLR) TEMIS-DEBRIS project. 

2 DEMISABLE JOINT  

The design for demise triggers early disintegration of 

primary satellite structures, initiating breakup at higher 

altitudes than natural disintegration would allow. This 

extends exposure to high-temperature plasma flows, 

increasing the likelihood of complete demise of the 

satellite. 

Since 2020, the DLR Institute of Structures and Design 

has been developing high-altitude breakup concepts 

[1,11]. As part of DLR’s TEMIS-DEBRIS project, this 

research expands on previous studies by investigating the 

joining of thin plates, which are widely used in primary 

and secondary satellite structures, broadening the scope 

of re-entry behaviour analysis beyond sandwich 

structures. 

2.1 DEMISABLE JOINT DESIGN 

Eu:CROPIS (Euglena and Combined Regenerative 

Organic-Food Production in Space) is a DLR satellite 

launched in December 2018. It operates in a Sun-

synchronous orbit at 575 km altitude, with a compact 

design of 1.1 m in height, 1 m in diameter, and a mass of 

250 kg. Its primary structure consists of 1 mm thick 

plates and 2 mm thick brackets joint by M5 screws, 

which serve as the basis for the development of the 

Proc. 9th European Conference on Space Debris, Bonn, Germany, 1–4 April 2025, published by the ESA Space Debris Office

Editors: S. Lemmens, T. Flohrer  & F. Schmitz, (http://conference.sdo.esoc.esa.int, April 2025)

mailto:Jasmin.Theobald@dlr.de
mailto:isil.sakraker@dlr.de
mailto:simon.huembert@dlr.de
mailto:lars.wolfgramm@dlr.de
mailto:helge.seiler@dlr.de
mailto:ronja.anton@dlr.de
mailto:uwe.schulz@dlr.de
mailto:ali.guelhan@dlr.de
mailto:thorn.schleutker@dlr.de


Leave footer empty – The Conference footer will be added to the first page of each paper. 
 

demisable joint presented in this work [2]. 

As the aerodynamic forces at high altitudes (>100 km) 

are insufficient to separate a loosened joint, the goal is to 

design a demisable joint that self-triggers a separation 

mechanism, ensuring the plates fully disconnect [1]. 

Therefore, the demisable joint is designed with a passive, 

temperature-triggered ejection mechanism. The 

activation temperature is set between 200–250 °C, 

exceeding the maximum temperature the satellite 

experiences during its orbital life, thereby preventing 

premature activation. 

During atmospheric re-entry the demisable washer of the 

designed screw connection is positioned on the outside of 

the satellite and softens earlier than the other components 

due to its maximizing exposure to high-enthalpy flows. 

As it degrades, the spring can release its force, pushing 

the plate outward and pulling the screw through the plate 

to the inside of the satellite. Additionally, a radius 

difference between the upper and lower plates ensures 

that the spring presses only against the upper plate. This 

mechanism not only releases the screw but also ensures 

the simultaneous separation of the plates. 

In the design the two plates can either be directly 

connected to each other or joined at an angle via a 

bracket. However, since the plate and bracket are thin 

structures with nearly identical thicknesses, the same 

ejection mechanism applies. Therefore, the plate/bracket 

connection, as seen in Figure 2.1, is used as a 

representative case in the following discussion. 

 

Figure 2.1 Demisable joint concept for thin plates with 

indicated ejection direction. 

2.2 MATERIAL SELECTION 

The demisable joint design utilizes materials from the 

reference satellite, with brackets and plates made of 

Aluminium 7075 and the screw, nut, and non-demisable 

washer composed of Titanium Grade 5. Consequently, 

suitable materials must be selected for the demisable 

washer and cylindrical sleeve to ensure controlled 

disintegration during re-entry. 

As taken out of previous research done at DLR high-

performance thermoplastics PEEK 

(PolyEtherEtherKetone), which exhibits semi-

crystallinity, and PEI (PolyEtherImide), an amorphous 

thermoplastic, have been identified as promising 

materials for the demisable washer and the cylinder [11].  

They are certified as space-proof, ensuring their 

suitability for space applications[3,4]. As can be seen in 

Table 1 Material properties they feature a lower 

melting/glass temperature and lower density compared to 

Aluminum 7075 and Titanium Grade 5, making them 

ideal for triggering the ejection mechanism. 

Since the weakest material defines the load capacity of a 

bolted connection, CF15-PEI and CF30-PEEK—carbon-

fibre-reinforced polymers—were selected for their 

improved stiffness. The embedded carbon fibres 

significantly increase strength and stiffness along the 

fibre direction. An additional advantage is their 3D 

printability, enabling design customization and infill 

adjustment for future weight and geometry optimization. 

CF15-PEI was selected as the demisable washer material 

due to its amorphous structure, which—compared to 

semi-crystalline PEEK—leads to a more predictable loss 

of structural integrity under thermal load. The cylindrical 

sleeve will be 3D printed from CF30-PEEK for weight 

saving reasons and for future optimization possibilities. 

Table 1 Material properties [4-7]  

 Alumi

nium 

7075 

Titani

um 

Grade 

5 

CF15 

PEI 

CF30 

PEEK 

Melting 

Temp 

𝑇𝑚[°C] 

600 1650 - 343 

Glass 

Temp  

𝑇𝑔 [°C] 

- - 186 143 

Density  

ρ [kg/dm3] 

2.8 4.47 1.39 1.41 

Tensile 

Strenth 

𝑅𝑚[MPa] 

310 828 Orientati

on XY 

93 

Orientation

XY 

169 

 

 

2.2.1 Extraction Force 

The required spring force was experimentally 

determined by measuring the minimum load needed to 
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pull the screw head through softened CF15-PEI  

.  

Figure 2.2 Test set up for needed spring force 

determination 

 

Figure 2.3 Demisable washer CF15-PEI before testing 

difference in height - 4mm on the left, 3mm in the middle 

and 2mm height on the right. 

As shown in Figure 2.3, the tensile tests were conducted 

using a setup with a temperature-controlled environment. 

A threaded M5 rod and nut, representing a screw head, 

was used to pull through softened CF15-PEI. 

To replicate activation conditions and define the required 

spring force for the demisable joint, the screw was pulled 

through a CF15-PEI washer mounted on an aluminium 

plate once it reached 220 °C.  

The required force was measured across a total ejection 

path of 10 mm, representing full screw extraction with 

screw head through both the plate and the bracket. Tests 

were carried out at two retraction speeds, 10 mm/min and 

30 mm/min. To evaluate the influence of washer 

thickness, 3D printed  CF15-PEI washers with 

thicknesses of 2, 3, and 4 mm were tested, as illustrated 

in Figure 2.3.  

 

Figure 2.4 Results of the mechanical test to determine 

minimum needed spring force. The dots indicate the 

single test results, the cross is the calculated average 

force. 

 

Figure 2.5 Results of the mechanical test to determine 

minimum needed spring force, one representative result 

per each testing series. The X-axis indicates the 

crosshead displacement in mm.  

As can be seen with thicker demisable washers the 

needed force of the spring gets higher. Figure 2.5 shows 

a smaller second peak, an increase of force during the 

retraction in the diagram. This is the soften CF15PEI that 

accumulates during the pulling through process and has 

to be overtaken. Based on the data presented in Figure 

2.4, the hypothesis that retraction velocity affects the 

required spring force cannot be substantiated. 

Due to the limited load-bearing capacity of the thin 

aluminium plates and brackets, integrating shape 

memory alloy (SMA) technology is suggested. The shape 

memory effect in metallic alloys is based on a martensitic 

phase transformation where the material can be deformed 

at low temperatures and returns to its original shape upon 

heating through a reversible transformation. The 

application of shape memory alloy (SMA) technology 
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offers an effective approach to reducing mechanical 

stress in the designed demisable joint. The use of an SMA 

spring was evaluated and should be considered for future 

work. Currently, no commercially available high quality 

SMA spring meets the required trigger temperature and 

spring force needed. 

2.2.2 Mechanical Load Capacity  

The failure criterion for the joint system was defined by 

testing the 3D-printed CF15-PEI washer, identified as the 

system’s weakest component. Using the same tensile 

setup excluding the thermal environment, washers of 2, 

3, and 4  mm thickness were evaluated. The force at 

which the screw head induced material failure was 

recorded and is presented in Figure 2.6 

The experimentally determined force is defined as 

representing the maximum load in axial direction the 

demisable CF15PEI washer can withstand before failure 

- therefor the failure criterion of the designed joint. 

 

Figure 2.6 Results of the mechanical test to determine 

maximum axial force depending on demisable washer 

thicknesses 2, 3, and 4 mm. The dots indicate the single 

test results, the cross is the calculated average force.  

2.3 MAXIMUM FORCE ON DEMISABLE 

JOINT 

2.3.1 Failure criteria 

The experimentally determined maximum load capacities 

of the CF15-PEI demisable washer were implemented in 

a static structural FEM simulation using ANSYS. This 

allowed for a detailed stress analysis and the definition of 

a failure criterion, ensuring consistency between 

experimental results and numerical modelling. The 

criterion was established based on the distribution of von 

Mises stresses.  

In order to evaluate the applied loads and define a failure 

criterion, the resulting stresses were categorized within 

the simulation environment. A threshold of 93 MPa—

matching the tensile strength of CF15-PEI in the 

corresponding data sheet[6]—was used to distinguish 

acceptable (green) from critical (yellow to red) stress 

regions. The legend scale was adapted to best represent 

the simulated stress field 

2 mm height - 3184,5 N  

 

Figure 2.7 ANSYS failure criterion analysis for a 2  mm 

thick CF15-PEI washer, showing the cross-sectional 

distribution of von Mises stresses. 

In the cross section the highest stress concentration 

occurs at the contact point between the screw head edge 

and the demisable CF15-PEI washer, with simulation 

results indicating local stresses exceeding 130  MPa, and 

peak values around 150 MPa within a limited area. The 

stress transitions along a defined path from the screw 

edge to a secondary hotspot at the PEI–aluminium plate 

interface. Structural integrity in this region requires that 

stresses remain below 130 MPa, though values up to 

150 MPa are tolerable at direct contact zones. No stress 

values exceeded 175 MPa across the interface. 

3 mm height - 4119,7 N  

 

Figure 2.8 ANSYS failure criterion analysis for a 3 mm 

thick CF15-PEI washer, showing the cross-sectional 

distribution of von Mises stresses. 
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Again, two critical stress zones were identified in the 

CF15-PEI washer—at the contact points with the screw 

head and bracket plate, this time isolated from each other. 

In the cross-sectional analysis, the highest stress 

concentration is observed where the screw edge 

interfaces with the CF15-PEI washer, with simulated 

stress values are between 130 and 150 MPa. At the 

interface between PEI and the aluminium plate, stress 

levels remain below 130 MPa, aside from isolated peaks 

reaching 175 MPa. 

4 mm height - 6253,7 N  

 

Figure 2.9 ANSYS failure criterion analysis for a 4 mm 

thick CF15-PEI washer, showing the cross-sectional 

distribution of von Mises stresses. 

As identified in earlier analysis, the critical areas remain 

at the interfaces between the screw head and CF15-PEI, 

and between CF15-PEI and the aluminium plate. 

Maximum stresses of 220 MPa were observed near the 

screw head, whereas at the CF15-PEI–aluminium 

interface, stresses remained below the threshold of 

150 MPa. 

2.3.2 Axial force matrix 

To evaluate the structural performance of the joint, a 

comprehensive analysis was carried out, examining how 

various modifications to the screw and demisable washer 

affect the joint’s ability to withstand bolt pretension 

loads. Different design variants were simulated in 

ANSYS, using 250 N load increments to systematically 

assess which von Mises stress distribution most closely 

matched the failure criterion defined in the previous 

section. 

A trade-off must be considered by the user between a 

higher allowable bolt pretension and the resulting 

increase in required spring force. As no safety factor has 

been included in the current analysis, it must be applied 

individually based on the mission-specific requirements, 

in accordance with the ECSS regulations [8]. 

Different screw heads 

A larger screw head increases the contact area 𝐴 =
𝜋

4
∗

(𝑑𝑎
2 − 𝑑𝑖

2) between the screw and the CF15-PEI washer, 

which reduces the surface stress. This leads to a more 

even distribution of the bolt pretension force, reducing 

the risk of local material failure and allowing the 

CF15PEI washer to withstand higher loads. However, a 

larger screw head requires an increased hole diameter in 

both plates and a wider CF15-PEI washer. This 

influences the required spring force for ejection, as a 

greater volume of softened material must be displaced. 

 

Table 2 Maximum axial force of CF15PEI non demisable washer according to the failure criterium. 

Design variations CF15-PEI height 

2 mm [N] 

CF15-PEI height 

3 mm [N] 

CF15-PEI height 

4 mm [N] 

Mechanical Test M5 3184.5 4119.7  6253.7 

Enlarged screw head M5, 

D=13mm 

5000 6000 8500 

Different screw diameter: 

M4 

M6 

M8 

 

2500 

4250 

5500 

 

3000 

4750 

7000 

 

4750 

7000 

9250 

Countersunk Screw 

CF15-PEI height 4mm, M5 

5250      

Use of multiple screws Load per screw can be diminished by adding multiple screws 
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Different screw diameters 

A larger screw diameter automatically means an increase 

in screw head as well leading to reduce surface pressure, 

allowing for better force distribution and minimizing 

local stress. Though an enlarged screw head has a similar 

effect, such modifications are uncommon and require 

costly custom parts. Standard larger-diameter screws are 

not only more accessible and cost-effective, but also 

mechanically more reliable, being less likely to fail under 

load. In this design, however, the washer remains the 

limiting component of the joint. 

Multiple screws 

By using multiple screws in parallel, the overall load is 

distributed across several points, thereby reducing the 

necessary load per individual screw. Since not all 

conventional joints will be replaced, adding a few 

additional screws has no significant impact on overall 

mass. A detailed equation can be found in the VDI 2230 

[9]. 

Countersunk screw 

The use of a countersunk screw provides automatic 

centering, reducing the risk of screw misalignment during 

ejection—a common failure mode in this configuration. 

If the screw tilts, it may not pass cleanly through the hole. 

A countersunk screw applies force at an angle, generating 

both axial and radial components. While the axial force 

contributes to clamping, the radial component introduces 

a spreading effect that displaces the surrounding material 

sideways. This results in additional stresses and lower 

tolerated loads, which can be especially problematic in 

low-strength materials [8].  

In the absence of real tensile testing, the maximum load 

was derived from simulation results of the failure criteria 

of a 4 mm thick CF15-PEI washer and should be 

considered a preliminary estimate. This value must be 

verified through physical testing, especially since the 3D 

printing process introduces uncertainties in material 

properties related to layer orientation and inconsistent 

bonding, which can significantly influence the 

mechanical response. 

2.4 MANUFACTURE AND TESTING 

To prove the concept the demisable joint was 

manufactured and tested in an oven to determine the 

ejection temperature. 

Based on the data sheet specifications [6,10], the 

demisable washer and cylinder sleeve are 3D printed and 

assembled with the remaining components as shown in 

Figure 2.10. During testing, the oven was heated to 

240 °C to simulate re-entry conditions, with a 

thermocouple placed at the outer edge of the demisable 

washer. All tested concepts activated reliably at ~220 °C 

(±3 °C), causing a complete disassembly. The 

functionality of the mechanism was thereby successfully 

demonstrated. The assembled test setup can be seen in 

Figures 2.11 and 2.12. 

 

Figure 2.10 Components to build the demisable joint 

design. The demisable washer is already stacked on the 

outer aluminum plate. 

 

Figure 2.11 Fully assembled demisable joint prior to 

oven exposure at room temperature (20°C) 

2.5 RE-ENTRY SIMULATIONS 

To validate the concept, the impact of demisable joints 

on the demisable behaviour of the satellite during re-

entry is investigated using ESA DRAMA software, an 

object-oriented re-entry simulation tool. 

For Eu:CROPIS, the reference satellite, two areas of 

bolted connections within the satellite—marked in 

Figure 2.13—are determined. Due to limitations within 

DRAMA, the joints are modelled as ring-shaped 

connections between the base satellite structures. 

Four simulation scenarios are defined to evaluate the 

effect of demisable joints: 

(1) both the middle and top joint are demisable, 

(2)  only the middle joint is demisable, 

(3)  only the top joint is demisable, and 

(4)  no demisable joint is applied. 

 



Leave footer empty – The Conference footer will be added to the first page of each paper. 
 

Table 3 Fragmentation altitudes for the simulated 

scenarios, resulting in the decoupling of the connected 

structural parts. 

 

Figure 2.12 Demisable joint test in the oven, right joint 

with disassembled components after ejection at 

TDemisableWasher= 220°C 

 

Figure 2.13 Eu:CROPIS with location of the demisable 

joints 

 

The resulting effects on satellite fragmentation and 

ground risk are comparing the altitude at which the joints 

fail depending on the simulated scenario, resulting in the 

decoupling of the connected structural parts. 

To define the joint as demisable within DRAMA, the 

triggering temperature is set to the targeted and 

experimentally validated value of 220 °C. When a 

component reaches its trigger temperature, it separates 

from the elements it is attached to. This study compares 

configurations with and without demisable joints. As 

indicated in Table 3, the breakup altitude increases with 

the use of the designed demisable joint. 

3 PVD-BASED COATINGS FOR 

ENHANCED DEMISABILITY 

Coatings are traditionally employed to functionalize 

surfaces or provide protection to the underlying 

components against environmental degradation. 

Common degradation mechanisms include erosion, 

corrosion, radiation damage, and various chemical or 

physical interactions [12]. One prominent example is 

protective coatings on turbine blades, where the coating’s 

primary role is to shield the substrate from harsh 

operating environments, ensuring long-term 

survivability and structural integrity [13,14]. 

However, in the context of Design-for-Demise (D4D), 

coatings assume an entirely new and contrasting 

function. Instead of prolonging lifespan and enhancing 

durability, coatings are deliberately designed to facilitate 

rapid degradation and controlled disintegration during re-

entry into Earth’s atmosphere. Studies indicate that 

material selection significantly influences the demise 

behavior of satellite structures and therefore requires 

focused and intensified investigation [15,16]. For the first 

time, the functionalization of coatings has been 

strategically implemented to potentially achieve three 

objectives: to accelerate the substrate component 

beneath, to encourage its fragmentation into smaller 

pieces, and to distribute heat more uniformly. This 

enables homogeneous and continuous thermal 

destruction. The approach is included in the DLR project 

TEMIS-Debris and is described by Gülhan et al. [17]. 

This study introduces an innovative approach by 

demonstrating how specifically chosen catalytic and low 

emissivity coating systems can significantly enhance the 

demisability of high-melting-point metallic components, 

exemplified by reaction wheels made from stainless steel 

AISI 316L. Such a coating strategy supports sustainable 

material usage, given that the coatings applied are merely 

a few micrometers thick, thereby minimizing additional 

mass while maximizing demisability. Magnetron 

sputtering, a physical vapor deposition (PVD) technique, 

was selected for this application because of its ability to 

produce coatings with a dense, columnar-structured 

morphology and excellent adhesion characteristics. 

Additionally, magnetron sputtering is compatible with 

heat-sensitive substrates such as polymers, thus 

extending the applicability of the proposed coating 

technology beyond metals to include ceramics, glass, and 

polymer-based structures. In this study a screening of 

simple one element coatings Si, Cr and Al is selected. In 

Scenario Middle 

joint [km] 

Top joint 

[km] 

No joints 

demisable 

94.5 96.5 

Only middle 

joint demisable 

106.5 96.5 

Only top joint 

demisable 

94.5 106.5 

All joints 

demisable 

107 106.5 

Middle joint 

Top joint 



Leave footer empty – The Conference footer will be added to the first page of each paper. 
 

addition one coating with Ni70Al30 (at.%), further 

referred to as NiAl. The coatings are known to form 

protective and slow growing oxide scales at high 

temperatures Al2O3, SiO2, Cr2O3 and Al-Ni-oxides 

therefore they have potentially a higher survivability 

during the demise process which prolongs their effect on 

the substrate material [18-20].  

3.1 CHARACTERIZATION STRATEGY 

A detailed and systematic characterization approach was 

implemented to comprehensively evaluate coating 

systems before and after exposure to oxidation 

conditions. Initially, scanning electron microscopy 

(SEM) was utilized to assess the morphology, density, 

and structural integrity of the as-deposited coatings. 

Elemental composition and potential impurities were 

analyzed using energy dispersive X-ray spectroscopy 

(EDS) coupled with SEM. Subsequently, the coatings 

underwent controlled high-temperature oxidation tests to 

study their interaction with the substrate material. Post-

oxidation assessments employed SEM and EDS analyses 

to examine oxide scale formation, interdiffusion 

processes, and any associated delamination or crack 

formation phenomena. Additionally, phase composition 

and crystalline structure of oxide layers were verified 

through X-ray diffraction (XRD) analyses. This 

integrated characterization methodology provided 

critical insights into the suitability and performance of 

coating systems designed to enhance component 

demisability under realistic re-entry conditions. 

Within the DLR-project TEMIS-Debris, future 

investigations aim to establish a robust and efficient 

method for pre-selecting potential coating systems 

through initial high-temperature oxidation tests 

conducted under laboratory conditions. These 

preliminary tests already provide valuable insights into 

key properties and characteristics, highlighting positive 

and negative aspects that significantly influence a 

coating's demisability. Nevertheless, to conclusively 

assess and validate the actual demise behavior of 

coatings, subsequent testing under realistic thermal 

conditions using an arc-heated plasma wind tunnel at 

approximately 1200 °C remains essential. Samples tested 

in the plasma wind tunnel will undergo identical 

characterization procedures (SEM, EDS, XRD) to allow 

for direct comparison with laboratory-scale results. The 

overarching goal is to determine the reliability and 

predictive capability of laboratory-scale tests, ensuring 

that only the most promising coating systems are selected 

for resource-intensive, high-fidelity plasma wind tunnel 

evaluations. 

3.2 EXPERIMENTAL 

In this study, stainless steel AISI 316L substrates with 

dimensions of 20 mm × 20 mm × 1 mm were coated using 

magnetron sputter deposition. The surface of the 

specimen was grinded up to 1200 grid and cleaned 

afterwards in an ultrasound bath. The coatings were 

fabricated utilizing a batch-type magnetron sputtering 

facility (Z 400, Systec SVS Vacuum Coatings, Karlstadt, 

Germany) as well as an industrial-scale multisource 

magnetron sputtering system (IMPAX, Systec SVS 

Vacuum Coatings, Karlstadt, Germany), Figure 3.1. The 

coating machines enable homogenous coating thickness 

all around a component due to a up to three-fold rotation. 

Moreover, the coater can vary coating composition very 

widely since 1-4 targets are able to be installed enabling 

rapid materials development through combinatorial 

deposition. 

  

Figure 3.1 left: Industrial-sized industrial-scale 

multisource magnetron sputtering system ©DLR; right: 

schematic drawing of the system. 

Prior to coating, one side of each specimen underwent 

surface cleaning and activation via Ar+-ion etching. 

Dense polycrystalline targets of Si, Al, Cr, Ni70Al30 

(at%), Cu, and Ag were used and arranged in a face-to-

face configuration. DC sputter deposition was conducted 

at various target powers to achieve coatings of 

approximately 20 µm thickness, each with an additional 

top layer of approximately 100 nm Cu. For a second Al 

coating, Ag was applied as a 100 nm thick top layer. 

During the deposition process, the total pressure was 

maintained at 0.45 Pa in an Ar atmosphere. 

Following coating deposition, the coated specimens were 

subjected to oxidation tests in ambient laboratory air at 

1200 °C for a duration of 1 hour. Additionally, one 

specimen of each coating type was characterized 

immediately after deposition (as-coated condition). 

Phase analyses of all specimens were performed using 

XRD (Bruker D8 Advance, Cu Kα radiation; evaluation 

software: EVA/Topas 4.2, Bruker AXS, Karlsruhe, 

Germany). Microstructural analyses were conducted 

utilizing SEM (DSM Ultra 55, Carl Zeiss NTS, Wetzlar, 

Germany), equipped with an EDS system (Aztec, Oxford 

Instruments, Abingdon, UK). The EDS analyses were 

conducted at an acceleration voltage of 15 kV. 

3.3 RESULTS 

After deposition, the coating systems exhibited excellent 

adhesion to the substrate material. Exemplarily, three 

different coating systems are shown in Figure 3.2. The 

coatings are dense, with minor impurities such as pores 

observed particularly in the Al coating. The Ag topcoat 
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appears somewhat inhomogeneous, which can be 

attributed to the sample preparation process. Thin and 

relatively ductile layers like Ag are challenging to 

prepare on a comparably hard stainless steel substrate. 

The Cr coating clearly demonstrates a distinct columnar 

structure, which is typical for coatings deposited by PVD 

methods. The Cu layer on top of the Cr coating is not 

clearly visible and thus not indicated, as copper is 

similarly challenging to prepare metallographically due 

to its high ductility and low hardness. The Si coating is 

homogeneous and dense. However, in this micrograph, 

the Cu topcoat experienced delamination, which is again 

attributed to the metallographic preparation process and 

does not reflect weak adhesion or compromised 

performance of the coating system under intended 

operational conditions.  

 

Figure 3.2 SEM-micrographs of as-coated systems; a) 

Al-coating with Ag topcoat; b) Cr coating with Cu 

topcoat; c) Si coating with Cu topcoat. 

For the oxidation tests, the coated samples were placed 

into a furnace preheated to approximately 900 °C, and 

then rapidly heated up to 1200 °C. After exposure for 1 

hour at this temperature, the samples were quickly 

removed from the hot furnace and cooled down rapidly, 

a process known as quenching.  

Figure 3.3 a) depicts the Al coating with an Ag topcoat 

following oxidation. EDS analysis confirms the 

formation of an Al₂O₃ oxide layer on the surface. Near 

the original coating-substrate interface, significant 

porosity and Al₂O₃ formations are clearly visible, likely 

resulting from extensive interdiffusion processes 

between the coating and substrate. The interdiffusion 

zone (IDZ), marked by an arrow, demonstrates 

substantial Al diffusion into the substrate, reaching a 

depth of approximately 200 µm. The original coating 

combined with the IDZ forms a pronounced Al-enriched 

zone within the stainless steel substrate. Ag traces are 

detectable only within the Al₂O₃ oxide layer at the top 

surface. 

Figure 3.3 b) illustrates the Cr coating with a Cu topcoat 

after oxidation. This coating shows behavior similar to 

the Al-coating, characterized by the formation of a Cr-

enriched IDZ approximately 80 µm thick. The former 

coating and IDZ collectively form a Cr-rich surface zone 

within the stainless steel substrate. Cr₂O₃ is detectable on 

the surface, along with precipitates near the surface 

region. Cu is not clearly identifiable after oxidation in the 

SEM only the XRD scans indicate Cu. 

Figure 3.3 c) shows the Si coating with a Cu topcoat after 

1-hour oxidation at 1200 °C. In contrast to the previously 

described coating systems, the original interface between 

coating and substrate is not clearly visible. Si diffusion is 

observable from the surface down to approximately 150 

µm into the stainless steel substrate, without forming a 

distinct IDZ comparable to the other coating systems. 

Close to the surface, SiO₂ formations are detectable. The 

XRD scan clearly reveals cristobalite formation. 

Additionally, a mixed oxide scale composed of Si, Ni, 

Cr, Fe, Mn, and Cu is identified at the top surface. 

 

Figure 3.3 SEM-micrographs after 1 hour oxidation at 

1200 °C; a) Al coating with Ag topcoat; b) Cr coating 

with Cu topcoat; c) Si coating with Cu topcoat. 

As demonstrated in Figure 3.4, the Al coating with Cu 

topcoat following oxidation exhibited comparable 

behaviour to that observed in Figure 3.3 a). The 

formation of Al2O3 is distinctly evident in the EDS 

mapping. Additionally, the IDZ, measuring 

approximately 200 µm in thickness, is clearly defined. 

The mapping further reveals the presence of the three 

most abundant elements in the steel, namely Fe, Cr and 

Ni.  

 

Figure 3.4 SEM-micrograph and EDS-mapping of the Al 

coating with Cu topcoat after 1 hour oxidation at 

1200 °C. 

The results of the NiAl coating with a Cu topcoat are 
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displayed in Figure 3.5. The coating performs in a 

manner analogous to a protective coating. The presence 

of a continuous thermally grown oxide (TGO) of Al₂O₃ 

has been identified at the interface between the coating 

and the substrate, as well as within the cracks of the 

coating itself. The formation of Al₂O₃ has also occurred 

at the interface between the coating and the substrate. The 

EDS mapping reveals that Fe and Cr diffuse up to 10 µm 

into the coating, while Ni forms an IDZ of about 10-

20 µm into the stainless steel. The coating appears to be 

divided into two compositional parts: Al-rich for the first 

10 µm from the surface and Al-poor for the remaining 

10 µm. The decrease in Al can be attributed to the 

formation of Al oxides. In summary, the coating displays 

an excellent level of adhesion and retains a robust 

structural integrity. 

 

Figure 3.5 SEM-micrograph and EDS-mapping of the 

NiAl coating with Cu topcoat after 1 hour oxidation at 

1200 °C. 

3.4 DISCUSSION 

Five distinct coating systems were successfully deposited 

onto stainless steel substrates via magnetron sputtering. 

All coating systems demonstrated excellent adhesion in 

their as-coated state and exhibited typical PVD 

morphology characterized by dense, columnar structures. 

Similar morphological features for Si-coatings are 

consistent with findings reported in previous studies 

[19,21]. 

Following oxidation tests, the coatings were analysed 

individually. The Al-based coating systems, regardless of 

the presence of an Ag or Cu topcoat, behaved similarly 

(see Figure 3.3 a) and Figure 3.4). The formation of Al₂O₃ 

on the surface appeared incomplete, lacking full density 

and continuity. This observation could be attributed to the 

relatively low melting point of aluminium, potentially 

causing ruptures in the oxide scale during melting [22]. 

The formation of a thick IDZ between Al and Fe is 

explained by the high diffusion coefficients of Fe in Al 

and Al in Fe, as previously described by Kobayashi et 

al.[23]. Although intermetallic phases could not be 

definitively confirmed in the current study, their 

formation is highly plausible based on literature findings, 

suggesting that Fe-Al intermetallic may offer a beneficial 

compromise in melting points—lower than stainless steel 

but higher than aluminium [22]. Such intermetallic 

phases may thus enhance heat transfer into the 

component during the demise process without premature 

melting. 

The Cr-based coating formed a Cr₂O₃ oxide layer 

accompanied by precipitates near the surface. Given that 

Cr₂O₃ is known to form volatile species at the test 

temperatures, partial loss of the oxide layer is likely [24]. 

The observed chromium diffusion into the stainless steel 

substrate aligns well with findings reported by Smith 

[25]. However, chromium diffusion is known to enhance 

corrosion resistance in stainless steel, indicating limited 

suitability for demise-promoting coatings [26]. 

The Si-based coating did not significantly influence 

substrate oxidation despite rapid Si diffusion into the 

stainless steel. The formation of a continuous and 

protective SiO₂ thermally grown oxide (TGO) was not 

observed. It is evident that the coating and substrate 

interfaces are no longer distinguishable, which suggests 

the potential for spallation of the Si coating. This 

phenomenon can be attributed to the substantial CTE 

mismatch between the two materials [27,28].  

The NiAl coating exhibited considerable potential as an 

oxidation protective layer by forming a continuous Al₂O₃ 

oxide scale, consistent with previously reported results 

[29]. However, significant crack formation within the 

coating was observed, with cracks being filled by Al₂O₃, 

aligning with observations made by Muñoz Saldaña et al. 

[30]. 

The potential catalytic effects of Cu and Ag topcoats 

were inconclusive at this stage, primarily due to the 

extended duration of the oxidation tests. 

3.5 SUMMARY AND OUTLOOK 

This study aimed at screening various coating systems to 

improve the demise behaviour of reaction wheels used in 

satellite applications. Five coating systems, Al+Cu, 

Al+Ag, Cr+Cu, Si+Cu and Ni70Al30+Cu, were 

successfully deposited on stainless steel substrates using 

magnetron sputter deposition. The oxidation behaviour 

of these coatings was analysed following exposure for 

1 hour at 1200 °C, providing insights into coating-

substrate interactions and diffusion processes. Strong 

interdiffusion between coatings and substrate was 

observed for all coating systems except Ni70Al30+Cu. 

The NiAl coating provided excellent oxidation protection  

Future research within the DLR project TEMIS-Debris 

will include demise testing of the most promising coating 

systems under destructive entry-flight simulations in the 

arc heated wind tunnels of DLR in Cologne. 

Additionally, laboratory-based pre-screening methods 

for evaluating coating performance will be developed, 

facilitating more efficient selection and optimization of 

coating compositions for subsequent testing campaigns. 



Leave footer empty – The Conference footer will be added to the first page of each paper. 
 

4 CONCLUSION 

This study presents strategies to improve satellite 

demisability, combining advanced structural joint design 

with innovative material coatings. Hybrid demisable 

joints, integrating 3D-printed thermoplastics and 

compression spring mechanisms, enable controlled high-

altitude breakup, ensuring key components are exposed 

to intense heat for extended periods. Extensive testing 

and simulations confirmed the joints’ ability to balance 

structural integrity during launch with predictable failure 

during re-entry at higher altitudes. Complementing this, 

PVD-based catalytic coatings accelerate thermal 

degradation of high-melting-point materials, promoting 

rapid heat absorption and controlled oxidation. 

Laboratory and wind tunnel tests validated the coatings' 

performance, demonstrating reliable thermal failure 

under extreme conditions. The combined use of 

demisable joints in primary structures and tailored 

coatings for all satellite structures offers an effective 

approach for diverse satellite configurations. This 

synergy addresses the challenges of reducing surviving 

debris while maintaining launch and operational 

reliability. Future work will explore more advanced 

materials, further optimize joint designs, and extend 

coating trials to larger structures and more complex 

components. The results contribute to a growing 

framework of Design-for-Demise (D4D) strategies 

essential for ensuring sustainable space operations. By 

promoting safer satellite disintegration, this research 

supports international efforts to mitigate space debris and 

protect orbital environments for future missions. 
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